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Abstract 
In order to keep strong structure and nice sealing property of refuge chamber door during its life cycle, a basic structure of the door was 
designed and its finite element models were established, with 10, 20, 25mm, three kinds of thickness, respectively for numerical 
simulation. Finite element software ANSYS/LS-DYNA was taken in the numerical simulation part. Deformation and the sealing 
performance of the door under a triangle explosion shock wave with maximum value for 0.6MPa and 300ms duration was calculated. The 
maximum stress value appears in the connection position between the door plank and reinforced stiffeners. The maximum displacement 
value appears in the middle of the door plank. Stiffeners have significant effect on the maximum displacement. The door with 20mm 
thickness could fulfill the requirements of structure safety and nice sealing property. Based on analysis, suggestions were put forward for 
further improving. 
 
© 2012 The Authors. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Beijing Institute of 
Technology. 
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Nomenclature 
P(t) a unit nodal load matrix 
M total mass matrix 
K total stiffness matrix 
C total damping matrix  
B strain matrix 
D elastic matrix 
Greek symbols 
( )t  stress in unit  
( )t  displacement of nodes on the elastomeric matrix 
( )t  strain in unit 
( )et  displacement vector in unit nodal 
1. Introduction 
One of significant causes of a large number of casualties in coal mine accidents is that the underground surviving system 
is unsound[1]. The urgent needs of establishing and improving safety refuge system in the coal mine makes the research and 
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production of coal mine mobile refuge chamber a hot spot. The cost of producing refuge chamber is huge and if the 
structure safety analysis has been taken during the design stage, it can effectively reduce the production inputs. 
Refuge chamber door is one of the key parts of coal mine mobile refuge chamber. According to statistics, about 80% of 
the accident casualties died of carbon monoxide poisoning and anoxia and about 20% due to trauma and burn to death. In 
mine fire and explosive combustion accident, the death which is caused by carbon monoxide poisoning and anoxia asphyxia, 
has a higher percentage[2]. The refuge chamber door can be opened and closed, so only did we guarantee its sealing 
property that we can ensure the survivors’ life. The refuge chamber door always was set up on the front face, the load 
situation of which is severe. The severe blast wave would cause the undue deformation of the door, even structural 
damage and result in failing to open the door. In view of structural safety, I have designed the refuge chamber door and 
checked its strength, stiffness and sealing properties by means of finite element numerical simulation analysis. 
2. Basic structure of refuge chamber door  
2.1. System of mobile refuge chamber door 
The door plank, doorframe, bolt, door spindle, handle or hand wheel, sealing strip, etc was included in the system of 
coal mine mobile refuge chamber door. The handle or the hand wheel is located outside the door plank; the bolt is set up 
inside the door plank as the lock of the door; the door plank is installed in the doorframe and there are some hinge joints 
between them, allowing the door plank to turn around the door spindle and moreover the door frame is fixed in the chamber 
body with flange connection. On the basis of the door’s main parts, inside the door usually, we always cover a layer of iron 
sheet. In order to enhance the door’s sealing effect, there are sealing strips along the inner edge of the door plank, where the 
door plank get in touch with the doorframe.  
2.2. Structure types of chamber door 
Taking the lock out of consideration, the current main types of the chamber door, which can be seen in the market, are 
just as the follows. 
 Flat-plate structure, shown in Fig.1 (a). It is the most common form of the chamber door. Its primary advantage is you 
can set reinforced stiffeners and observation window according to your needs conveniently. 
 Arch structure, shown in Fig.1 (b). Except for the flat-plate structure, the door plank all needs to be shaped by hydraulic 
forming, and always followed by a series of further heat-treatments in order to guarantee the material’s properties, but it 
would increase the production cost in this way and besides accuracy and shape control is more complicated, and also it is 
unfavorable for the assemble and seal. 
 Quadrangular structure, shown in Fig.1 (c). The maximum load in the centre of the door plank will be scattered along 
both sides of it. 
 Spherical structure, shown in Fig.1 (d). Commonly used in refuge chamber with arch top or cylinder-shaped shell. 
 
(a)               (b)               (c)               (d)  
Fig. 1. Geometry construction of refuge chamber door for (a) flat-plate structure, (b) arch structure, (b) quadrangular arch structure and (b) spherical 
structure. 
2.3. Selection of chamber door’s material 
The selected material should have the properties as follows: sufficient yield strength, nice toughness, good welding 
performance, easy machining properties and moreover its production process should be simple. The low-alloy high-strength 
structural steel can perfectly meet these demands and the Q460 is one of typical this kind of steel. The low-alloy high-
strength structural steel is made by adding a small amount of alloying elements on the basis of ordinary carbon steel (the 
amount usually less than 3%). It has an apparently better performance than ordinary carbon structural steel, especially the 
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mechanical properties. For example, compared with the same mark of ordinary carbon steel with the same strength, the steel 
consumption can be saved by 20%-30%. The low-alloy high-strength structural steel has the advantage of simple process of 
production, lower cost and the steel generally can be used under the condition of hot-rolling or normalizing state. The low-
alloy high-strength structural steel is generally used in the manufacture of large or high load welding structure, such as high-
pressure container, cranes and mining machinery, power station equipment, turbine volute, and middle or high pressure 
petrochemical vessel, etc[3]. Material parameters of Q460 steel is shown in Table 1. 
                                                                     Table 1. Material characteristic parameters 
Material Q460 steel 
Density / g/cm3 7.85 
Young's modulus of elasticity / GPa 206 
Poisson's ratio 0.3 
Yield stress / MPa 460 
Tensile strength / MPa 550-720 
2.4. Basic structural of refuge chamber door for numerical simulation 
According to the analysis before, the basic structure of the refuge chamber door is established (seen in the Fig.2). 
 The flat-plate structure was taken in this paper as the basic structure of the refuge chamber door. The plate structure is 
most widely used in engineering and easily machining. To enhance the structure’s anti-explosion performance and limit 
the maximum displacement of the door, forced stiffeners are set up inside the door. According to on-site experience, we 
would set four stiffeners longitudinally and seven horizontally, and so the shape of the stiffener’s size is 20mm × 50mm. 
 Q460 steel was taken as the material of the door plank, door frame and forced stiffeners. 
 Size of refuge chamber door: Length× Width=2000mm×1000mm. Considering the general specifications of the steel 
plate in the market, we have chosen three different kinds of thicknesses, 10mm, 20mm, 25mm, in the structural safety 
simulation to select the appropriate thickness of the doors. 
 A seal strip of 3mm (thickness) is fixed along the inner edge of the door plank, which is made of fire retardant anti-static 
materials. 
 
                
Fig. 2. Geometry construction of refuge chamber door. 
3. Numerical simulation of the refuge chamber door under blasting load 
3.1. Basic assumption and equations 
Explicit nonlinear dynamic analysis program ANSYS/LS-DYNA (Beijing Institute of Technology ANSYS/LS-DYNA 
Technical Support Centre) will be used to calculate stress and elastic–plastic deformation for the refuge chamber door under 
blast loading. The fundamental equation for this dynamic problem can be written as follows. 
+ + =t t t P tM C K                                                                     (1) 
For the dynamic structure, stress and displacement is a function of time, strain and stress in unit can be written as follows. 
( ) ( )et tB                                                                                    (2) 
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( ) ( ) ( )et t tD DB                                                                         (3) 
3.2. Basic assumption and finite element analysis model 
An accurate and reliable mechanical model is needed, when we conduct finite element analysis. Because of the 
particularity of this model, we could do some simplification about it, but the accuracy must be guaranteed first. Hypotheses 
were made as follows: the welding of structural parts is completely reliable. Structural parts have complete penetration. All 
of the stress welding stress has been eliminated. The height of welding leg has no effect on the structure; any deformation 
due to manufacture or installation does not exist[4]. The Details of the finite element meshing model can be seen in Fig.3. 
 
 
Fig. 3. Details of the finite element meshing model. 
3.3. Loading conditions and material model 
Method of loading pressure wave was taken in the numerical simulation of refuge chamber door. As the actual situation 
underground is complex and the explosion wave is differential from the distinction of refuge chambers and barriers in the 
roadway, a triangle shock wave with 0.6 MPa over-pressure, 300 ms lasting time was settled substitute for the actual blast 
wave[5-6]. Fixed constrain on the outer door frame is set. 
Lagrange algorithm has been taken into use in the numerical simulation. The refuge chamber door under blasting load 
will generate elastic and plastic deformation, while the main concern should be focused on the plastic deformation, therefore, 
the Johnson-Cook model should be chosen as the material model in LS-DYNA for numerical simulation under explosion 
load and the elastic-plastic constitutive model of the strain rate effect and temperature response should be taken into 
consideration also. We choose the elastic-plastic nonlinear constitutive material model, as well. 
3.4. Simulation result and analysis 
3.4.1. Stress results of different door size 
The stress distribution is shown in Fig.4, and the stress-time curve of the max stress elements is shown in Fig.5. The unit 
of stress is MPa. In Fig.5, the dot dash line represents the results of 10mm (thickness) door, solid lines shows the results of 
the 20mm door, the dotted lines expresses the results of the 25mm door. 
 
 
(a)        (b)        (c)  
Fig. 4. Stress response of different thickness doors. (a)10mm, (b)20mm, (c)25mm. 
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Fig. 5. Curve of stress-time of the maximum stress elements. 
The maximum stress always appeared at 0.0025s during the computing process and the position is on the forced stiffeners. 
10mm door does not meet the strength demands, for it have too many maximum stress elements and besides its maximum 
stress beyond the allowable value. 20mm and 25mm door meet the strength requirements well. The maximum stress of 
20mm door is 436.9MPa and only appeared on the part positions of the forced stiffeners. The stress distribution on the door 
plank is homogeneous and within the yield stress. The maximum stress of 25mm door is 390.8Mpa and appears on few 
elements of the forced stiffeners. 
3.4.2. Displacement results for different door size 
The displacement distribution was shown in Fig.6, and the curve of displacement-time of the max displacement elements 
is shown in Fig.7. The stress unit is mm. In Fig.7, the dot dash line represents the results of 10mm (thickness) doors, solid 
lines shows the results of the 20mm door, the dotted lines expresses the results of the 25mm doors. 
 
(a)            (b)           (c)   
Fig. 6. Displacement response of different thickness doors. (a)10mm, (b)20mm, (c)25mm. 
 
Fig. 7. Curve of displacement-time of the maximum stress elements. 
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  The maximum displacement appeared at 0.0025s during the calculation process in the middle position of the door plank.    
According to the latest regulations in Specifications for Coal Mine Mobile Refuge Chambers[7], the deformation 
maximum displacement should be within 10mm. The maximum displacement of the 10mm door reaches to 28.23mm, 
which is too high to meet the stiffness demands. The 20mm and 25mm door fully meet the strength requirements, which 
have a displacement less than 10mm. The maximum displacement of 20mm door is 5.249mm, and the 25mm door is 
3.623mm. 
3.4.3. The performance of reinforced stiffeners 
The performance of stiffeners is demonstrated by the contrasting results of 20mm door with and without stiffeners (seen 
in the Fig.8). Compared with the simulation results in Fig.4 (b) and Fig.6 (b), stiffeners have significant effect on the 
maximum displacement. The maximum displacement is 24.47mm in Fig.8 while 5.249mm In Fig.6 (b). 
 
              
Fig. 8. Stress and displacement response of 20mm door without stiffeners. 
3.4.4. Sealing performance indicated by relative displacement results  
According to the stress and displacement results, the maximum stress of the 10mm door exceeds the strength 
requirements, and the displacement value is not fit for refuge chamber door, even under the condition of forced stiffeners 
being set. The door of 20mm and 25mm thickness, both, can well meet the demands of the strength and stiffness. Increase 
of sheet thickness can cause the decrease of material yield stress, and would increase the cost and the weight of structure. So 
if the door of 20mm can meet the requirements, 20mm should be the right thickness of refuge chamber door. 
Indicate the sealing performance by relative displacement values of nodes. The relative displacement results are shown in 
Fig.9. The unit of relative displacement results is mm. Due to the door’s structure is symmetrical. Sampling points could be 
selected on a quarter of the door. The sealing strip is fixed along the inside edge of the door plank, which allows to exist the 
relative displacement between the door plank and the door frame within a rather little value. According to the latest 
requirements in Specifications for Coal Mine Mobile Refuge Chambers, the maximum relative displacement should be less 
than 1mm. The figure shows that the maximum relative displacement is only 0.27mm, and the 20mm door can well meet the 
sealing requirements. 
 
           
Fig. 9. Sampling points of relative displacement and the curve of relative displacement-time of the sampling points. 
3.4.5. Numerical simulation analysis and conclusions 
The numerical simulation shows, 10 mm door failed in structure damage for its displacement value is beyond the limit 
and the forced stiffeners come out plastic deformation, although the strength fulfill the demands. 20 mm thick door can meet 
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the structure safety requirements of the strength, stiffness and sealing property at the same time. The maximum stress value 
appears in the connection position between the door plank and reinforced stiffeners; maximum displacement value appears 
in the middle of the door plank. The refuge chamber door can be strengthened by changing the better material, adding the 
quantity or improving the shape and distribution of reinforced stiffeners, so we can improve the anti-impact strength, avoid 
growing plastic deformation and strengthen the bending strength. 
4. Conclusion and recommendation 
Firstly, comparison among the four structure types of refuge chamber door has been made in this paper. When taking the 
mechanical properties of the material and the load distribution on the surface of the structure, the safety problem, into 
account, we should also consider the amount of material consumption, as well as the difficulty of machining and assembly 
during the design stage of refuge chamber door. 
Secondly, a basic structure of the refuge chamber door has been established. Through the way of numerical simulation 
analysis, we found the 20mm (thickness) flat-plate structure door has a good structural safety situation. 
Then, in the numerical simulation analysis, the maximum stress value appears in the connection position between the 
door plank and reinforced stiffeners. The maximum displacement value appears in the middle of the door plank. The 
thickness of door plank is the key influencing factor for structure safety while it is not thick enough. Stiffeners have 
significant effect on the maximum displacement. 
Finally, the refuge chamber door can be strengthened by changing the better material, adding the quantity or improving 
the shape and distribution of reinforced stiffeners, so we can improve the anti-impact strength, avoid growing plastic 
deformation and strengthen the bending strength. 
References 
[1] Sun Jiping, 2011. Research on Emergency Refuge System in Underground Mine, Coal Science and Technology 39, p. 69. 
[2] Sun Jiping, 2011. The key technologies of the refuge chamber and rescue capsule in the underground coal mine, Coal Science and Technology 36, p. 
713. 
[3] Lin Jianrong, 2007. Engineering material and forming technology. Higher Education Press, CHN. 
[4] Ren Tao, 2011. The finite element analysis and design of blast resistant door. Chang`an University, CHN. 
[5] Zhao Huanjuan, Qian Xin-ming, 2012. Simulation analysis on structure safety of coal mine mobile refuge chamber under explosion load, SAFETY 
SCIENCE 50, p. 674. 
[6] Yang Chao, Hou Rili, Liu Shengfa, Han Fuliang, 2010. Research on Dynamic Responses of Stiffened-plate Under Different Blast Load, Journal of 
Wuhan University of Technology 32, p. 56. 
[7] State Administration of Work Safety, 2011. Specifications for Coal Mine Mobile Refuge Chambers, CHN. 
 
